Prevalence of Stimulation-Induced Glycolysis
To the Editor: The deoxyglucose (DG) method of determination of the local cerebral glucose meta bolic rate (LCMR g lc) developed by Sokoloff et ai. (1977) has proven to be one of the most useful and widely employed methods of evaluation of cerebral function. The use of e4C]DG and eSF]fluorodeoxy glucose (FDG) in autoradiographic studies in ani mals and eSF]FDG in positron emission tomo graphic (PET) studies in humans (Phelps et aI., 1979; Reivich et aI., 1979) have been particularly effective in mapping the effects of physiological and pathological stimulation. Pronounced regional in creases in DG or FDG-based LCMR g lc have been found in seizures, pharmacological interventions, sensory stimulations, and motor activity. Because many of these observed increases are so striking, DG and FDG are frequently employed as qualita tive "strains" of regional cerebral activity, in addi tion to their originally suggested use as tracers for quantitative measurement of LCMR g lc.
It is impressive that DG and FDG have become the practical standards of evaluation of cerebral me tabolism, despite the development of alternative methods. The cerebral uptake of radiolabeled glu cose (GLC) in brief experiments, particularly when labeled in the 6 position, has been shown to reflect glucose metabolism (Hawkins et aI., 1985) . While corrections for label loss through CO2 and for the inability to exactly define the brain precursor inte gral from plasma tracer measurements are required, they have not been found to be prohibitive for met abolic rates up to 150 jJ.. mol/lOO g/min, the upper limit of normal (Lear and Ackermann, 1988) . Quan titative methods for measurement of regional cere bral oxygen metabolism (LCMR02) using 1502 and PET scanning have also been developed (Frackow iack et aI., 1980) . Nevertheless, DG and FDG re main the tracers of choice in most experiments.
The question therefore arises as to why there is such widespread perceived utility of DG and FDG over the other metabolic tracers. The thorough de velopment and elegant presentation of the quantita tive method by Sokoloff et ai. (1977) were clearly fundamental in initial acceptance and continued use of DG and FDG for quantitation of LCMR g lc, but probably do not explain their prevalence in qualita tive studies. We believe that the answer lies in the apparently common, but only recently appreciated, glycolytic response of the brain to stimulation. Sachs et al. (1982) showed that electroconvulsive seizures in rats increased the rate of cerebral radiolabeled GLC clearance and suggested that the observation could be explained by glycolysis (Embden-Meyerhof pathway). Fox et ai. (1986 Fox et ai. ( ,1988 found that visual and tactile stimulation in humans increased LCMR g lc and local cerebral blood flow (LCBF) in the related cortical regions by over 50%, while ox ygen consumption rose only 5%. Hossmann and Linn (1987) and Ueki et ai. (1988) demonstrated that the concentration of lactate (the end product of gly colysis) increased in parallel with blood flow and glucose consumption in the somatosensory cortex with forepaw stimulation in rats. Pulsinelli and Kraig (1988) found increased lactate in the superior colliculus of rats following photic stimulation. These results suggest that oxidative metabolism of the brain increases only modestly with stimulation. Increased transient metabolic needs are apparently met with nonoxidative glucose metabolism, i.e., glycolysis, even in the presence of abundant oxy gen.
U sing double tracer (esF]FDG-e4C]GLC) auto radiography, we have recently demonstrated that this glycolysis will cause significant discrepancies between the accumulation of radiolabel from DG or FDG vs. that from GLC (Ackermann and Lear, 1989) . The radiolabels of DG and FDG are "trapped" within the brain as the 6-phosphate de rivatives. Because this occurs prior to the diver gence of the oxidative and glycolytic pathways, DG and FDG radiolabel accumulations reflect total (ox idative + glycolytic) glucose metabolism. On the other hand, in brief experiments, the radiolabel from 6-g1ucose is effectively "trapped" in Krebs' cycle-related intermediate pools in oxidative metab olism, but is not effectively trapped with glycolysis. Under glycolysis, the radiolabel from GLC pro ceeds to lactate, which can be substantially lost through transport out of the brain, the rate of lactate transport being approximately 50% that of glucose (Oldendorf et aI., 1979) . Therefore, GLC radiolabel accumulation, corrected for retained lactate, re flects oxidative metabolism.
Under conditions in which glycolysis occurs, DG and PDG uptakes will increase much more than that of GLC (or 1502)' Because glycolysis produces only 1/15 the energy per glucose molecule of oxidative metabolism, the discrepancy between glycolytic vs. oxidative consumption of glucose can be great. In other words, glycolysis can cause an increase in DG or PDG radiolabel accumulation grossly out of pro portion to that of GLC or 1502' This phenomenon was clearly demonstrated in kainic acid-induced seizures, where we found pro nounced glycolysis in certain limbic structures. What is particularly important with respect to this discussion is that qualitative differences in uptake of the labels of PDG and GLC were striking in the original 18p and 14C autoradiograms, even before they were processed to create digitized maps of ox idative and glycolytic metabolism. This discordance between PDG and GLC uptake has also been re ported in single tracer studies. For example, Van de Berg and Bruntink (1983) found no increase of GLC label flux into Kreb's cycle intermediates during seizures, despite significant increases in glucose consumption. Collins et al. (1987) found only 30% increases of GLC-based LCMR g lc compared to 200% increases of DG-based LCMR g lc in the supe rior colliculus with visual stimulation in rats.
The apparently ubiquitous glycolytic response of the brain to stimulation and consequently pro nounced differences in the accumulation of DG or FDG radiolabels compared to GLC or 1502 radiola bels leads us to the following conclusion. We pro pose that the widespread acceptance and use of DG and FDG over GLC or 1502 to map increases in cerebral metabolism have largely resulted from fun damental differences in the types of metabolism tracked by the tracers, rather than advantages or disadvantages of any particular kinetic model. Stim ulation-induced glycolysis causes more dramatic images with DG and FDG than GLC or 15°2, and researchers have appreciated, perhaps subcon sciously, the enhanced depiction of metabolic pat terns of interest.
